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MATERIAL RESPONSE FROM MACH 0.3 BURNER RIG COMBUSTION 


OF A COAL -OIL MIXTURE 

by G. J. Santoro, F. D. Calfo, and F. J. Kohl 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

Wedge-shaped specimens were exposed to the combustion gases of a Mach 
0.3 burner rig fueled with a mixture of 40 weight percent micron-size coal 
particles dispersed in No. 2 fuel oil. Exposure temperature was about 
900° C and the test duration was about 44 one-hour cycles. The alloys 
tested were the nickel-base superalloys, IN-100, U-700 and IN-792, and the 
cobalt-base superalloy, Mar-M509. The deposits on the specimens were 
analyzed and the extent of corrosion/ erosion was measured. The chemical 
compositions of the deposits were compared with the predictions from an 
equilibrium thermodynamic analysis. The experimental results were in very 
good agreement with the predictions. 

INTRODUCTION 

The industrial burning of coal-oil mixtures (COM) is a very old idea 
(ref. 1) which had received renewed interest during World Wars I and II when 
oil supplies were curtailed and again in 1973 at the start of the oil 
embargo. At present COM has become one of a number of alternative energy 
schemes under consideration to reduce this country's dependence on foreign 
oil (refs. 2 and 3). COM is a mixture of coal particles in oil with the 
coal in the mixture being as high as 50 weight percent. The fuel mixture 
has the attraction of stretching the supply of oil while still having the 
convenience of handling and burning a liquid (refs. 3 and 4), However, from 
the point of view of air purity standards, COM offers very little advantage 
over other fuels (ref. 5). Numerous utility boilers in this country origi- 
nally designed to burn coal have been converted to oil for environmental 
reasons. These units should be convertible to COM with a minimum of equip- 
ment modification. This would offer a relatively "quick-fix" for oil con- 
servation until other more environmentally desirable energy sources become 
commercially available (refs. 6 to 8). 

Most of the attention given to COM has been directed toward its use in 
utility boilers and blast furnaces (ref. 1). No direct applications of COM 
in gas turbines have been reported. However, in the past, two programs have 
examined the direct burning of coal itself to operate a gas turbine. One 
program was initiated by the Locomotive Development Committee and later 
continued at the Morgantown Energy Research Center (ref. 9). The second 
program was conducted in Australia by the Commonwealth Department of 
National Development and the Joint Coal Board (ref. 10). Both efforts were 
confronted by the problems of coal handling and preparation; and, worst of 
all, by the erosivity of coal ash passing through the turbine. By combining 
very fine coal particles with oil, both the handling and erosivity problems 
associated with the direct coal method of firing gas turbines should be less 
severe. 



The purpose of this study was to provide an initial evaluation of the 
response of typical high temperature gas turbine alloys to the combustion 
gases of COM. The approach taken was to expose test specimens of fdur 
superalloy materials to the combustion gases from a modified atmospheric 
Mach 0.3 burner rig fired by COM. These superalloys are currently being 
used in turbine blades and vanes. The COM consisted of No. 2 fuel oil with 
40 weight percent micron-size coal particles. 

Although the burner rig did not simulate all of the parameters of a gas 
turbine, it was a dynamic gas system and allowed a quick and inexpensive 
first-cut evaluation of turbine material behavior and the potential of COM 
for use in gas turbines. The evaluation consisted of observing the ability 
of the burner to maintain a stable flame and of measuring the deposition and 
erosion/ corrosion occurring on the test specimens. An equilibrium thermo- 
dynamic analysis was employed to predict the chemical composition of the 
deposits, and the calculations were compared with the analyses of the de- 
posits on the test specimens. 

EXPERIMENTAL PROCEDURES 

Fuel characterization . - Three 55 gallon (208 liters) drums of COM were 
available for this program. The fuel was supplied by the Department of 
Energy, Pittsburgh pnergy Research Renter (PERC). The fuel consisted of 
40 weight percent Pittsburgh- seam coal in No. 2 fuel oil with three weight 
percent lecithin added as a def locculant. In the as-received fuel the coal 
particles were at least partially segregated from the oil, forming a thick 
black sludge on the bottom of the drums. Clearly, continuous mixing of the 
fuel would be required for firing in the burner rig. 

For the purpose of analyzing the fuel, a sample was taken after thorough 
hand mixing the contents of one of the drums. The chemical analysis and 
other properties of this fuel are given in table I. The particle size dis- 
tribution is given in figure 1. The analysis for the major elements and the 
physical property data were supplied by PERC. The metal content was deter- 
mined at the Lewis Research Renter (LeRC) by a combination of emission and 

atomic absorption spectrometry. The accuracy of Uie in-house analyses for 
metals was estimated to be ±20 percent of the amount reported for the major 
metallic elements and ±50 percent of the amount reported for the trace 
metals. The major metallic elements present are, of course, the ones which 
make up the normal mineral content of coal, i.e., silicon, aluminum, iron, 
calcium, magnesium, sodium, potassium and titanium. 

Specimen description . - The composition of the alloys used in this pro- 
gram arenTsteTirTTaETe II. The cobalt-base alloy, Mar-M509 is a typical 
vane material which is generally considered to have good hot corrosion re- 
sistance due to its high chromium content. (Hot corrosion is a form of 
accelerated oxidation (ref. 11) which will be discussed in detail later). 

The three nickel-base alloys cover a range of hot corrosion resistance. The 
alloy IN-792 has moderately good hot corrosion resistance, U-700 somewhat 
poorer, and IN-100 has the least resistance of the four alloys tested 
(ref. 12). 

All the alloys were cast by a commerical vendor into the shape shown in 
figure 2. All specimens were grit blasted and cleaned with alcohol. Prior 
to testing, each specimen was measured along a diameter in the center of the 
expected hottest zone, shown in figure 2, with a bench micrometer to a pre- 
cision of ±2 micrometers. 


2 



Burner rig operation . - The burner firings were conducted at LeRC Plum 
Brook Station as part of a larger program employing liquid fuels derived 
from coal. The test site and the modified Mach 0.3 burner rig have been 
described previously in detail (ref. 13). In this report we will only sum- 
marize the description and include those alterations made to the rig in 
order to fire the COM fuel. 

The fuel drums were located out-of-doors in a diked area about 45 meters 
from the test cell. The drums were sequentially fitted with a specially 
prepared lid through which a shaft with attached paddles extended into the 
drum. The shaft and its paddles were rotated by a pneumatic drill motor 
attached to the shaft above the drum lid. The drum was pressurized to 3 to 
4 psi with service air to provide a head for a high pressure pump which fed 
the fuel to the test cell through stainless steel tubing. See figure 3 for 
a fuel mixing and delivery schematic. Along side the COM fuel was a 55 gal 
drum containing 100 percent No. 2 oil. This fuel was tied into the system 
upstream of the fuel pump with a valving arrangement which allowed either 
fuel to be fed into the burner. Prior to each run the system was thoroughly 
flushed with No. 2 oil to clean the system of any coal sediments from the 
previous run. 

The burner housing of the rig was 28 cm long and about 7 cm in diame- 
ter. At one end was attached an exit nozzle and, at the other end, a back- 
plate containing a modified sonic fuel nozzle and the attachments for the 
fuel and combustion air lines. The burner liner was simply a double opened 
tube of Inconel-600 that ran from the backplate to the exit nozzle (i.e., no 
swirl plate or secondary air holes were used.) Some of the combustion air, 
which was preheated to 370° C, was premixed with the fuel within the sonic 
fuel nozzle. See figure 4. Combustion was self sustaining after an initial 
ignition by a spark ignitor located in the burner 3.8 cm downstream of the 
fuel nozzle. The burner consumed about 4.5 kg of fuel per hour with about 
136 kg of air for a fuel-to-air ratio of about 0.03. 

A carrousel specimen holder accomodating eight wedge-shaped specimens 
was located downstream of the exit nozzle, figure 5. Two specimens each of 
IN-792, Mar-M509 and U-700 were placed into the holder. Of the two remain- 
ing positions, one was occupied by an IN-100 specimen and the other by a 
wedge-shaped dummy specimen fitted with a chromel-alumel thermocouple. The 
carrousel was rotated between 300 to 500 rpm about an axis perpendicular to 
the flame. The temperature of the specimens was adjusted by setting the 
distance from the exit nozzle because the range of flame temperatures (fuel- 
to-air ratios) producing a stable burning was severely limited. 

Most of the fuel was expended in attempting to modify the rig to improve 
the burning characteristics. Even the most stable flame achieved was rather 
poor and the temperature of the specimens during exposure to the combustion 
gases of this flame varied ±100° C from the desired temperature of 900° C. 
When the flame was unstable, friable black coke would build up in the liner 
of the burner. A typical coke sample was analyzed by _x-£ay diffraction 
(XRD) and spectrographical ly; the results are listed in tables III and IV, 
respectively. Two types of materials were found, one that was ferromagnetic 
and one that was not. The elemental content of both types was identical but 
the composition of the phases was different. The presence of 80304 may 
be responsible for the magnetic property. 

Deposit ion/ corrosion procedures . - The superalloy specimens were exposed 
to the combustion gases of the COM-fueled burner for 44.4 cycles, each cycle 
consisting of one hour at temperature and 3 minutes of forced air cooling. 
One hundred cycles were initially anticipated but the fuel was consumed 
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prior to achieving that goal for reasons explained in the previous section. 
The deposits on the specimens were analyzed by XRD and spectrographical ly. 
Then, cross-sections of the specimens along the plane indicated in figure 2 
were metal lographical ly prepared. Measurements were maae of the thickness 
of the alloy visably unaffected by the corrosion process. These values were 
subtracted from the original thickness of the specimen and the difference 
was divided by two. The resultant numbers are defined here as representing 
the maximum depth of attack. 

Thermodynamic analysis and prediction of deposit composition . - The ob- 
jective of the theoretical analysis was to calculate the composition of 
gaseous and condensed phase products of COM combustion by taking into 
account the metal ("mineral") content of the fuel. Previous studies (refs. 
13 to 16) have indicated that the condensed phases predicted by a thermo- 
dynamic analysis are the ones likely to appear as deposits. Toward this 
end, the widely used NASA Lewis Complex Chemical ^qui 1 ibium Computer Program 
(CEC) was employed to calculate adiabatic flame temperatures, compositions 
of combustion gas at any temperature, composition of condensed pure phases 
(if any form), and thermodynamic dew points for condensation. The CEC pro- 
gram is based on the minimization of free energy approach to chemical 
equilibrium calculations subject to the constraint of maintaining a proper 
mass balance between reactants and products. The program permits the cal- 
culation of chemical equilibrium composition for homogeneous or heterogene- 
ous systems for assigned thermodynamic states such as temperature-pressure 
(T,P) and enthalpy-pressure (H,P). For the present work, the role of the 
major metallic elements in the COM was examined in terms of composition of 
the gaseous and condensed (solid or liquid) phases as a function of tempera- 
ture. Most of the thermodynamic data were obtained from the JANAF tables 
(ref. 18) or the compilation of Barin and Knacke (ref. 19). Note that only 
those species for which the program was given thermodynamic data were con- 
sidered in the calculations. 

The input parameters for use with the CEC program consisted of the ele- 
mental composition of the fuel including the metals Al, Ca, Fe, K, Mg, Na, 

Si and Ti, as shown in table I. For more details of this procedure see 
reference 13. The trace elements (concentrations of less than 100 wppm) 
listed in table I were not included in the thermodynamic analysis because 
they are not expected to contribute significantly to the composition of the 
deposits. The gaseous compounds considered by the program include all those 
listed in table VI of reference 13 and also the gaseous compounds of magne- 
sium: Mg, MgCl, MgCl 2 , MgH, MgN, MgO, MgOh, Mg(0H)2, and MgS. The con- 
densed phase compounds considered in the CEC program are listed in table V 
of this report. 

The condensed phases include a number of the stable minerals expected to 
form from the combustion of coal (ref. 20), such as mullite (Al 6 Si 20 i 3 ) 
and anorthite (CaAl 2 Si 20 s), in addition to a number of other aluminosili- 
cates containing calcium, magnesium, iron, sodium, potassium and titanium. 
Thermodynamic data for some chemically stable condensed phases were not 
included in the calculations. These phases were solutions, glasses, or 
slags which might form from the combination of metals present in the sys- 
tem. Although some of these phases would be expected to appear as stable 
condensed phases, their inclusion at a future time is not expected to per- 
turb significantly the present results with regard to the composition of 
gaseous carriers or major condensed elements. 

Calculations were performed to simulate the actual conditions of combus- 
tion for the COM-fired burner rig deposition/ corrosion test. The computer 
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program was operated in the h,P mode with the initial and final enthalpies 
equal to that of the reactants at the inlet temperatures in order to cal- 
culate the equilibrium adiabatic flame temperature of 1629 K. To arrive at 
the distribution of molecular species, the program considered simultaneously 
over 400 gaseous and condensed phase species made up of a minimum of 15 
elements. 

The calculation of the composition showed that the major gaseous pro- 
ducts should be N2, O2, CO2, H2O, Ar, NO, OH, CO and SO2 with a 
large number of CHNOS species in lower concentrations. The metals existed 
in the gas phase almost exclusively as either metal oxide or hydroxide mole- 
cules. At the adiabatic flame temperature, several condensed phases existed 
in the equilibrium mixture. These are shown in figure 6. The condensed 
phase of highest concentration was Si02 (quartz) with Al5Si20i3 (mullite), 
CaAl2Si20s (anorthite), and Fe203 (hematite) in lower concentrations. 

Al2Ti0s and MgSi03 appeared in relatively low concentrations. 

In order to aid in the prediction of which compounds would condense on 
the surface of the specimens, the CEC program was also run in the T,P mode 
at 25 K temperature intervals from the adiabatic flame temperature down to 
900 K. The occurrence of any condensed phases in the calculated compositons 
was noted. The phases thus identified are also shown in figure 6. The T,P 
mode calculations showed that there should be an abrupt transformation in 
the composition of the condensed phases which takes place between 1275 and 
1250 K. Below the transformation temperature the major compounds are ex- 
pected to be Al2Si207, CaSi03 (wol lastonite) , and Fe2Si04 (fayalite). 

A prediction of the deposit composition can be made from scrutinizing fig- 
ure 6. The deposit should contain mainly the elements Si, Al, Ca and Fe 
with much lower amounts of Na, K, Ti and Mg. If the reaction kinetics are 
sufficiently rapid at 900° C, i.e., deposits can come to equilibrium at the 
specimen temperature, then the compounds to be expected in the deposit 
should be those which are stable below the transformation temperature. The 
deposit then would essentially mirror the mineral/metal content of the 
fuel. The opposite situation would be the quenching of the high temperature 
condensed species in the flame without sufficient time during each heat 
cycle (1 hr) to transform the minerals to their lower temperature phases. 

In this case those compounds stable above the transformation temperature 
ought to be the ones found in the deposit. 

It is significant that no Na2S04 or K2SO4 are predicted to form 
in the deposits. On this basis, and in conjunction with the fact that no 
significant levels of vanadium were present in the fuel, classical alkali 
sulfate- or vanadium-induced hot corrosion would not be predicted. However, 
large amounts of deposits would be predicted due to the presence of metal 
oxides. 


RESULTS AND DISCUSSION 

To properly interpret the results from this study, a few remarks on the 
diverse nature of coal are required lest specific results be erroneously 
generalized as applicable to all COM fuels regardless of their source of 
coal . 

Coal can be defined as a heterogeneous sedimentary rock composed prin- 
cipally of macerals (organic constituents) and subordinatly of minerals 
(inorganic constituents) and containing water in submicroscopic pores 
(ref. 21). The composition of coal varies widely dependent not only on its 
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geographical origin but also between different coal seams and within 
individual seams. Coal can be classified by the independent criteria of 
rank and type. The ranking reflects the stage of metamorphic alteration, 
from low rank lignite to high rank anthracite, and controls such coal prop- 
erties as calorific value, hardness, grindabi 1 ity, etc. The type reflects 
the iieterogeneity of coal due to its diverse source and controls the mineral 
content and ash properties. 

Deposit analysis and comparison to predicted composition . - All of the 
deposits had a reddish color; most were non-adherent and therefore not re- 
covered. Of the deposits remaining on the specimens after the burner rig 
exposure, those within the maximum temperature zone of each specimen 
(fig. 2) were examined by XRD. These deposits consisted of a light powdery 
material that readily came off by a light brushing and a more adherent layer 
below. There was no indication that the deposits had reacted with the 
specimens or their oxide scales. In-situ diffraction patterns from the sur- 
face of the specimens showed hematite (Fe203) as the principal phase, 
table VI. This phase, along with a-quartz (Si02) and anorthite (CaAl2Si20y) , 
were components of the deposit, whereas the Cr^O^ and spinel were oxida- 
tion products of the alloy. The pattern from the loose powder was that of 
hematite and o-quartz but no anorthite, which apparently had adhered to the 
surface of the specimens. 

The phases detected in the deposits are among those listed in figure 6 
above the transformation temperature, i.e., the condensed phases expected to 
form in the flame provided there is sufficient residence time to establish 
equilibrium. Of the main species listed (medium to strong) only mullite 
(Al5Si20i3) was not detected in the deposit. But mullite was observed 
in the coke from the liner (table III). It is possible most of this phase 
was among the unrecovered material that did not adhere to the specimens dur- 
ing their burner rig exposure. 

The transformation of coal minerals to ash under simulated pulverized 
coal firing conditions has been investigated for seven eastern bituminous 
coals (ref. 20). The phases observed were reported as the ones thermo- 
uynamically stable at the combustion temperature. -Based on this information 
and the results of the analysis of the deposits, it appears the original 
minerals in the coal'^were transformed to their thermodynamically stable 
phases at the flame temperature and that these species were then quenched by 
the specimens. It is also apparent that once quenched (deposited) on the 
specimens, there was insufficient time at the temperature of the specimens 
(1 hr per cycle at about 900° C for 44.4 cycles) for these phases to trans- 
form to their low temperature forms. 

An important point in this analysis is the excellent agreement between 
the CEC-predicted phases and those actually detected in the deposit. 

Although the predicted and the detected composition of the deposits were 
specific for the Pittsburgh-seam coal used in this fuel, the method ought to 
be valid for CUM fuels prepared with coals from any source. Important to 
the next section of this report is the prediction that no Na2S04 or 
K2SO4 would form in the deposit. 

Corrosion/erosion results . - Photomicrographs of the cross-section of 
the specimens are given in figure 7. A non-adherent (due to polishing of 
the mounted specimen) and porous deposit lies over a thin oxide scale. For 
Ih-100, IN-792 and U-700, a zone depleted in the y' phase, [Ni3(Al,Ti)] 
lies beneath the oxide scale. All four alloys show grain boundary attack 
just beneath the oxide scale. In table VII the extent of the corrosion is 
listed in terms of the maximum depth of attack; this region includes the 
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oxide scale, internal oxidation or grain boundary attack, and any depleted 
area. The values given in table VII are similar to those obtained in the 
straight oxidation of these same materials in a Mach 0.3 burner rig fired 
with Jet A-1 fuel (ref. 22). 

Microprobe scans were made of the IN-100 specimen for the chromium and 
sulfur distribtuion. The chromium scan is given in figure 8. This alloy is 
the most susceptable to hot corrosion of the four alloys tested. As seen in 
figure 8, beneath the porous deposit (25 ym thick) is a thin band enriched 
in chromium (the Cr 203 scale). Nothing other than background was 
observed in the sulfur scan. Internal sulfides such as chromium sulfide 
(CrS) are often identified in materials which have undergone hot corrosion 
(ref. 11). Hot corrosion occurs in the temperature range from about 750° to 
950° C and is believed to be associated with the formation of liquid alkali 
sulfates. The source of the alkali metal may be either the fuel or the 
intake air in the case of turbines. The sulfur is present in sufficient 
quantities in all distillate fuels. The morphology of a hot corroded 
material often consists of the formation of porous, non-protective scales 
with an internal layer of sulfides. The extent of the internal sulfide 
layer can vary from virtually none to a thin band of discrete sulfide 
particles to a heavy interconnected sulfide area. This description of hot 
corrosion morphology does not fit that of the specimens here. But the short 
duration of their exposure in the burner gases may preclude a definite 
negative assessment because there is evidence for an induction period in hot 
corrosion during which there is no accelerated attack. However, sulfur has 
been detected within or below the oxide scales on the nickel-base 
superalloys B-1900 and NASA-TRW VIA during their induction period (ref. 23) 
and presumably the same could have occurred wih the alloys here if they had 
been subjected to alkali sulfates in their deposits. Thus, within the 
exposure limits of the experiment, only straight oxidation probably occurred 
and this is consistent with the prediction of no alkali sulfate formation. 

The well-defined outline of the specimens after their burner rig expo- 
sure indicated the absence of erosion. The lack of erosion can be attri- 
buted to the small size of the coal particles in the fuel, table I. These 
micron size coal particles would have been reduced to submicron size ash 
particles during combustion. Submicron size particles would not have enough 
inertia to impact on the specimens but they could deposit on the specimens 
via diffusion through the boundary layer. The latter process could cause 
corrosion (if it were a reactive deposit) or fouling, but not erosion. The 
lack of erosion also indicated that the coal particles did not coalesce into 
substantially larger particles while in the fuel lines or during storage. 
Thus, the 3 weight percent (with respect to the coal) of liquid lecithin 
(deflocculant) that had been added to the fuel by the suppliers was effec- 
tive in preventing the coalescing of the coal particles. 

Fouling possibilities . - Fouling is always a potential problem in the 
utilization of "dirty" fuels such as coals or residual distillates 
(ref. 24). Fouling in turbines can plug air cooling holes and disrupt 
efficient aerodynamic flow. The deposits observed on the specimens tested 
here reached a limited maximum thickness of about 40 ym (figs. 7 and 8) 
caused at least in part by spallation of some of the deposits by frequent 
forced air cooling, 3 minutes for every hour at temperature. A utility 
turbine would not be cycled this frequently and larger deposits might 
accumulate. The non-adherence of the deposits, however, can also be attri- 
buted to their composition. In the direct coal-fired turbine programs 
(refs. 9 and 10), alkali sulfates were reported to act as bonding agents 
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causing the other ash particles to agglomerate and to adhere to the turbine 
blades. This bonding effect was also reported to occur in a turbine simu- 
lator fired with actual and synthetic Bunker C fuel (ref. 25). The deposi- 
tion rate was found to increase with increased concentrations of sodium. 

The bonding agent was thought to be Na 2$04 or one of several low melting 
Na-V-0 compounds. Thus, the predicted absence of alkali sulfates in the 
deposit and the insignificant level of vanadium in the fuel (table I) not 
only limited the corrosion but may have contributed to the limited build-up 
of the deposit. 


SUMMARY AND CONCLUDING REMARKS 

A COM fuel was fired in a small Mach 0.3 burner rig and typical super- 
alloys used in turbine airfoils were exposed to the combustion gases at tem- 
peratures of about 900° C for about 44 one-hour cycles. The extent of the 
corrosion was measured and the deposits on the specimens were analyzed. 

These latter results were compared with predictions from thermodynamic cal- 
culations of the combustion products based upon the fuel chemistry, fuel-to- 
air ratio, and specimen temperature. The composition of the deposits and 
the absence of hot corrosion attack were accurately predicted. Although 
these findings are specific for this particular fuel with its particular 
source and benefication of coal, the analysis is generally applicable and 
indeed had been successfully applied in a previous program involving liquio 
fuels derived from coal (ref. 13). 
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TABLE I. - COMPOSITION AND PROPERTIES 
OF COAL-OIL-MIXTURE FUEL 

[40 weight percent Pittsburgh-seam coal 
in No. 2 fuel oil.] 


Elemental 

composition (weight 

percent) 

C 

82.5 

A1 

0.65 

H 

9.5 

Ca 

.14 

N 

0.6 

Fe 

.35 

0 

2.8 

K 

.028 

S 

0.32 

Mg 

.024 

Cl 

.047 

Na 

.012 



Si 

1.9 



Ti 

0.042 

Ash content (weight 

percent) 

3.7 


Trace metals (wppm) 

Co 5 

Cr 25 

Cu 12 

Mn 40 

Ni 35 

Sr 20 

V 10 

Zr 15 

Heat of combustion, higher 
heating value (Btu/lb) 17,020 

Density (g cnr^) 1.06 

Viscosity, at 70* F (centipose) 4000*1000 
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TABLE II. - ALLOY COMPOSITIONS 


[All values are weight percent.] 


Alloy 

Element 

IN-100 

U-700 

IN-792 

Mar-M509 

Cr 

10 

14.2 

12.7 

23 

Ni 

Bal. 

Bal. 

Bal. 

10 

Co 

15 

15.5 

9.0 

Bal. 

A1 

5.5 

4.2 

3.2 

— 

Ti 

4.7 

3.3 

4.2 

0.2 

Mo 

3.0 

4.4 

2.0 

— 

W 

— 


3.9 

7 

Ta 

— 


3.9 

3.5 

Nb 

\t 

1 n 


0.9 

— 

V 

Mn 
F p 

i • U 

<0.01 

1 



— 

1 c 

Si 



<’.01 





Zr 

0.6 

<.01 

0.10 

0.5 

B 

.014 

.02 

.02 

— 

C 

.18 

.06 

.2 

0.6 




TABLE III. - PHASES DETECTED BY X-RAY DIFFRACTION IN 
COKE RECOVERED FROM BURNER LINER 


[Listed in order of decreasing line intensities.] 


Magnetic material 

Non-magnetic material 

Fe203 

Si 02 (o-quartz) 
CaAl 2 Si 203 (anorthite) 
Al 6 Si 20 i 3 (mullite) 
Fe 304 (ao = 8.30 A) 

Spinel (-ag = 8.20 A) 
CaAlSi 208 (anorthite) 
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TABLE IV. - EMISSION SPECTROGRAPHIC ANALYSIS OF 
COKE RECOVERED FROM BURNER LINER 


[All values are in weight percent.] 


Element 

Magnetic material 

Non-magnetic material 


9.8 

10.5 


1 

1 


<1 

<1 

Fe 

8.4 

8.6 

Mg 

0.1 

0.2 

Mn 

<1 

<1 

Si 

15.0 

15.5 

Ti 

<1 

<1 

V 

«1 

«1 

Na 

<3 

_<3 

K 

NOa 

ND 


^ND - not determined. 
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TABLE V. - METAL-CONTAINING CONDENSED PHASES 
CONSIDERED IN THE CEC PROGRAM 


Condensed phases 


AlCl^, AIN, ^^ 2 ^ 3 ’ ^^ 2 ^ 3 ’ ^^ 2 ^^^ 4^3 
CaCl2, CaC03, CaO, Ca(0H)2, CaS, CaS03» CaS04 
FeCl2, FeCl3, FeO, FeOCl, Fe203, Fe304, 
Fe(OH)2, Fe(OH)3, FeS, FeS2, FeS04» Fe2(S04)3 
KCN, K2CO3, KO2, K2O, K2O2, KOH, K2S, 

K2SO3, K2SO4 

MgCl2, MgC03, MgO. Mg(OH)2. MgS, MgS04 
NaCI, NaCN, Na2C03» Na02, Na20, Na202, 

NaOH, Na2S, Na2S03, Na2S04 


TiC, TiCl2, TiCl3, TiCl4, TIN, TiO, Ti 02 » 

Ti203, Ti30g, Ti407 


Mixed metal phases 


^^6^^2®13 

CaAl 204 , CaAl2SiOg, CaAl2Si20g, CaAl 40 ^, 
CaFe204» CaMg02» CaMgSi04, CaMgSi20g, CaSi03, 
CaTiO^, CaTISiOg, Ca 2 Al 2 Si 07 , Ca2Fe20g, 
Ca2MgSi207» Ca2Si04, Ca 3 Al 20 g, 

C a^A 1 2S i 3O 2 5 Ca3MgSi20g, Ca3Si03, 

Ca3SiOg, Ca3Si207» Ca3Ti207, Ca4Ti30j^Q 

FeAl204» FeTi03, Fe2Si04 
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TABLE V. - Concluded. 


Mixed metal phases 

KAlSi^Og^ K^AI^Si^Ogj K2Si02> ^251^0^ 
MgAl^O^, MgFe 204 , Mg 2 Al 4 Si 50 ^g, MgSiOg, 
MgTiOg, MgTi20g, Mg 2 SiO^, Mg 2 TiO^ 
NaA102, Na2Al2Si^0j25 Na2Al2Sig0^g, 
Na2Fe204, Na2Si03, Nd2Si20g, Na2Ti03, 
Na^SiO^, NaeSi207 
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TABLE VI. - PHASES DETECTED BY X-RAY DIFFRACTION IN 


DEPOSITS ON THE SPECIMENS 


[Listed in order of decreasing line intensities. 

The patterns were essentially the same for de- 
posits from all the specimens, except where noted.] 


In-situ phases 

Phases from loose powder 

Fe 203 (hematite) 

Si 02 (a-quartz) 

Cr 203 

CaAl 2 Si 208 (anorthite) 

Spinel {&Q = 8.25 A), 
possibly NiCr 204 

On IN-792 only, a rutile struc- 
ture, possibly Cr(Ta,Nb )04 

Fe 203 (hematite) 
Si 02 (a-quartz) 


TABLE VII. - CORROSION OF SPECIMENS IN MACH 0.3 
BURNER RIG FUELED WITH COAL-OIL MIXTURE 


[After 44.4 one-hour cycles at about 900* C.] 


Alloy 

Maximum depth 
of attack, 

pm 

Average 

attack, 

pm 

Depth of attack 
for 100 h 
oxidation, 
pm (ref. 22) 

IN-100 

78 

78 

25 

U-700 

63 

68 


U-700 

73 



IN-792 

26 

22 

40 

IN-792 

18 



Mar-M509 

0 

5 

20 

Mar-M509 

10 
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Figure 6, - Equilibrium thermodynamic computer program analysis of con- 
densed phase compositions. Relative concentrations are Indicated as 
strong (s), medium (m). or weak (w). 
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(b) IN-792. 

Figure 7. - Deposit and corrosion morphology of superalloys exposed in a Mach 0.3 burner rig fueled 
with coal-oil mixture. 
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Figure 7. - Concluded 




Figure 8. - Raster scans of IN-100 showing (a) deposit, oxide scale and depleted zone 
and (b) the chromium distribution. 
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